Detergent-solubilized bovine rhodopsin produces mixed detergent/lipid/protein micelles. The effect of dodecyl maltoside detergent on the thermal stability of dark-state rhodopsin, and upon formation of the different intermediates after rhodopsin photobleaching (metarhodopsin II and metarhodopsin III), and upon transducin activation has been studied. No significant effect is observed for the thermal stability of dark-state rhodopsin in the range of detergent concentrations studied, but a decrease in the stability of metarhodopsin II and an increase in metarhodopsin III formation is observed with decreasing detergent concentrations. The transducin activation process is also affected by the presence of detergent indicating that this process is dependent on the lipid micro-environment and membrane fluidity, and this stresses the importance of the native lipid environment in rhodopsin normal function.
Introduction
Rhodopsin is the member of the large superfamily of G-protein-coupled receptors, located in the disk membrane of the outer segments of retinal rod photoreceptor cells, and responsible for scotopic vision. Recently, its crystal structure has been determined (Palczewski et al., 2000) , and the formation of dimers has been revealed by means of atomic force microscopy studies Liang et al., 2003) . In rhodopsin, the 11-cisretinal ligand is covalently bound to the protein through a protonated Schiff base linkage to Lys-296 in the seventh transmembrane helix. Upon light absorption, 11-cis-retinal isomerization to all-trans-retinal triggers a conformational change in the receptor to the active metarhodopsin II (Meta II) intermediate, which binds and activates the G-protein transducin (G t ). Meta II decays to free opsin and all-trans-retinal either directly or through the metarhodopsin III (Meta III) photointermediate. Meta III is an intermediate with bound alltrans-retinal, that does not activate G t , and that is photoconvertible to Meta II (Heck et al., 2003; Kibelke, Mitchell, Beach, & Litman, 1991; K€ o onig, Welte, & Hofmann, 1989) .
Rhodopsin binding and activation of G t is a crucial step in the phototransduction cascade. Lipid environment affects stability and intramembrane organization of rhodopsin (Polozova & Litman, 2000) due to a very close interaction between rhodopsin and the lipid membrane because rhodopsin has hydrophobic grooves that are in contact with the lipid bilayer (Hessel, M€ u uller, Hermann, & Hofmann, 2001) . Upon light activation rhodopsin changes to the Meta II state with subsequent increase in the membrane-exposed surface, and membrane phospholipids change their organization (Isele, Sakmar, & Siebert, 2000) . Native rhodopsin undergoes a Meta I/ Meta II equilibrium, and these functional characteristics are quite dependent on the lipid micro-environment, and are very strongly perturbed by solubilization into micelles (DeGrip, Van Oostrum, & Bovee-Geurts, 1998; K€ o onig et al., 1989) . However, it had also been speculated that G t activation, as a functional assay of rhodopsin preparations, is a property less sensitive to the microenvironment (DeGrip et al., 1998) because G t can be activated by rhodopsin solubilized in certain detergent concentrations.
In the present study we have studied the effect of dodecyl maltoside (DM) detergent (added to native rhodopsin in membranes) on G t protein activation by using fluorescence spectroscopy, thermal stability of dark-state rhodopsin by differential scanning calorimetry, and the decay of Meta II and formation of Meta III by means of ultraviolet-visible (UV-Vis) spectroscopy. We find these processes to be markedly dependent on the lipid environment of rhodopsin and the status of the lipid bilayer. These results stress the importance of the lipid environment of rhodopsin in its stability and function. Furthermore, this behaviour has to be taken into account when analyzing results obtained with rhodopsin mutants in DM solution.
Materials and methods

Preparation of membranes
Disc membranes were prepared under dim red light using a modified version of the early protocol (Papermaster & Dreyer, 1974) . About 25 retinas were collected per tube in 15 ml 30% (w/v) sucrose, homogenised with a vortex during 1 min and centrifuged at 5000 rpm (A8-24 rotor, Kontron) during 5 min, and the supernatant was collected. This step was repeated twice and the total supernatant was centrifuged for 15 min at 14,000 rpm. The pellet was resuspended in 40 ml 15% (w/v) sucrose. The suspension was layered onto a 0.64 M sucrose cushion and centrifuged (14,000 rpm, A8-24 rotor, 10 min). The pellet was resuspended in 0.64 M sucrose and homogenised with pestle. Then, the suspension was layered onto a sucrose gradient cushion (1.20, 1.00, and 0.78 M) and centrifuged (23,000 rpm, AH629 Sorvall rotor, 45 min). The band in the 0.78 M/1.00 M interface was collected and homogenised in isolation buffer (70 mM KHPO 4 , 1 mM MgCl 2 , 0.1 mM EDTA, pH 6.9) and centrifuged (20,000 rpm, T865 Sorvall rotor, 30 min). The pellet was washed twice by resuspension with a syringe in isolation buffer and centrifuged for 30 min (20,000 rpm, T865 Sorvall rotor). The pellet was resuspended in hypotonic buffer (5 mM Tris-HCl, 0.5 mM MgCl 2 , pH 7.5) with pestle and syringe and centrifuged for 30 min (40,000 rpm, T865 Sorvall rotor). The resulting pellet (rod outer segments, ROS) was resuspended twice in hypotonic buffer and centrifuged. The hypotonic pellet was resuspended in isolation buffer using pestle and syringe and centrifuged for 20 min (14,000 rpm, A8-24 Kontron rotor). This washing step was repeated twice. Finally, the washed disc membranes were resuspended in isolation buffer and stored in aliquots at )80°C. Routinely, the A 280 /A 500 ratio was determined. G t was purified according to a previously published procedure (Fung, Hurley, & Stryer, 1981) .
Rhodopsin solubilization and preparation of micelles
Mixed micelles (detergent/lipid/protein) were obtained when rhodopsin in washed disc membranes was solubilised using different DM concentrations in isolation buffer during 1 h at 4°C by gentle agitation. Then, it was centrifuged (30,000 rpm in T865 Sorvall rotor, 30 min) to clarify the solution, and the resulting sample was used for the stability studies. Rhodopsin concentration was determined using e 500 ¼ 40,600 cm À1 M À1 .
Stability on dark-state rhodopsin
The thermal stability of dark-state rhodopsin, solubilised in different DM concentrations, was determined by differential scanning calorimetry. Samples were measured in buffer containing 70 mM KHPO 4 , 1 mM MgCl 2 , 0.1 mM EDTA, pH 7.5. Differential scanning calorimetry experiments were performed using a MicroCal MC-2 microcalorimeter. Samples of 1.5-2 mg/ml of rhodopsin in disc membranes were run between 25 and 80°C at a 1.5°C/min rate. Each sample was scanned twice. Because the protein transitions are irreversible, the second scans were used to determine the baseline.
Meta II decay
Meta II decay was followed by means of an acidification assay (Sakamoto & Khorana, 1995) with a UVVis CARY 1 (Varian, Australia) spectrophotometer. Several samples of ROS in 70 mM KHPO 4 , 1 mM MgCl 2 , 0.1 mM EDTA, pH 6.9 containing 0.012%, 0.0175%, 0.025% and 0.05% DM were illuminated with a light filter >495 nm, incubated 0, 5, 10, 15, 30, 60 and 120 min at 20°C and subsequently acidified with H 2 SO 4 2N. The spectra were baseline corrected with GRAMS 32 software (Galactic Industries) and the band at 440 nm was followed with time at the different DM concentrations.
Meta III formation
Determination of Meta III formation was carried out by means of UV-Vis spectroscopy with a CARY 1 spectrophotometer at 465 nm (Ernst & Bartl, 2002) . Samples of bleached ROS, solubilised in several DM concentrations (0.012%, 0.0175%, 0.025% and 0.05% DM) were measured every 5 min at 20°C up to a total time of 4 h.
Transducin activation assay
The assay of rhodopsin-G t interaction by fluorescence spectroscopy was followed by the intrinsic fluorescence increase of G t . The increase in fluorescence quantum yield of the a t GTP complex is 2.h times higher than the a t GDP complex (Phillips & Cerione, 1988) . The assay was carried out using solubilized rhodopsin, G t and GTPcS. The fluorescence yield was monitored at 1 s intervals, using an Aminco SLM 8000 spectrofluorometer with excitation at 295 nm (2.2 nm bandwidth), and emission at 340 nm (16.16 nm bandwidth).
Assays were performed at 20°C in cuvettes with continuous stirring and 1.4 ml final volume, and emission fluorescence was recorded during 3000 s. A rhodopsin sample was added to the cuvette containing G t at 250 nM in G t activation buffer (10 mM Tris-HCl, pH 7.1, 100 mM NaCl, 2 mM MgCl 2 , 0.01% DM) to a final rhodopsin concentration of 40 nM in the dark. Then GTPcS (from a 500 lM stock) was added to a final concentration of 5 lM. The G t protein activation was obtained by illumination of the reaction sample using a 150-W optical fiber equipped with a 495 nm long-pass filter during 20 s. The activation rate was calculated by regression analysis of the slope of the 60 initial points of the fluorescence spectrum.
Results and discussion
DM detergent produces small unit vesicles from ROS, and it is referenced as the solubilization of rhodopsin in detergent micelles. These micelles are named Ômixed micelles', and consist of detergent, membrane lipids and rhodopsin (Applebury, Zuckerman, Lamola, & Jovin, 1974) . DM is a widely used detergent because it is relatively mild and preserves the functional properties of the protein (DeGrip & Bovee-Geurts, 1979) . Furthermore, most of the studies involving purified mutant rhodopsins are carried out with samples solubilised and purified in this detergent (Bosch, Ramon, Del Valle, & Garriga, 2003) . Mechanisms of the photoactivation cascade of rhodopsin as native photoreceptor in membranes have been established by using mixed micelles in three different assays: (i) the Meta I-Meta II shift assay measuring G t -binding (Emeis, Kuhn, Reichert, & Hofmann, 1982; Hofmann, 1985) (ii) the transducinfluorescence enhancement assay measuring release of activated G t (Fahmy & Sakmar, 1993; Phillips & Cerione, 1988) ; (iii) the cyclic GMP-pH shift assay, measuring activation of PDE by activated G t (Liebman & Evanczuk, 1982) .
In the present study, we have analyzed the effect of several concentrations of DM on rhodopsin stability and function. We first studied the thermal stability of inactive dark-state rhodopsin by differential scanning calorimetry and we found a transition temperature at about 72°C in different DM concentrations in the 0-0.1% range (the experimental data varied between 71.4 and 72.6°C). Fig. 1 shows the representative profiles for 0% DM (ROS membranes with no detergent) and 0.05% DM (Fig. 1A and B respectively) . A main transition is seen at 72°C corresponding to the thermal denaturation of rhodopsin in agreement with previous studies (Khan, Bolen, Hargrave, Santoro, & McDowell, 1991; Landin, Katragadda, & Albert, 2001) . A second broader transition of much lower intensity is also detected with a temperature of 57°C. This can be related to opsin denaturation as reported previously (Landin et al., 2001) and would correspond to some small amount of opsin present in the ROS preparations used for the calorimetric study. This result indicates that the DM detergent concentration does not significantly affect the main overall denaturation process of rhodopsin in the dark. This is certainly different from the stability of the chromophore which is significantly decreased (as measured by the decrease of the visible band at 500 nm) with increasing DM concentration at 55°C (data not shown). Fig. 2 shows the G t protein fluorescence increase when it interacts either with Meta II or opsin ( Fig. 2A and B respectively). In the first case the typical fluorescence increase, at 340 nm, as a result of G t activation by photoactivated rhodopsin is observed. In contrast Fig.  2B shows that an opsin sample is not capable of activating transducin as seen from the lack of fluorescence increase after illumination of the sample.
The same G t protein activation assay by Meta II (i.e. photoactivated rhodopsin) was performed with increasing concentrations of DM in the sample, and the results are shown in Fig. 3 . From the activation curves observed in Fig. 3 , two parameters were analysed: (i) total number of G t activated molecules; and (ii) the initial activation rate. Both parameters are plotted in Fig. 4 versus DM detergent concentration.
Total number of G t activated molecules was measured as the intrinsic fluorescence gain, indicating the number of molecules exchanging GTPcS for bound GDP. Initial activation rates were determined by linear regression of the data points corresponding to the first 60 s after GTPcS addition, indicating the maximal velocity of G t activation by the active receptor.
An analogous trend is observed for both parameters with increasing concentrations of detergent in the sample, and the response behaviour clearly shows two phases: (i) a first increase at low detergent concentrations, up to about 0.01% DM, specially marked on the initial activation rate, and (ii) a decrease at higher DM concentrations (also steeper for initial activation rate). Fig. 2 . G t protein activation assay: intrinsic fluorescence increase of G at subunit due to interaction either with Meta II (A) or opsin (B) obtained from ROS membranes. The sequence of materials added into the cuvette was the following: (1) rhodopsin/opsin membranes were added to 40 nM into the buffer (10 mM Tris-HCl, pH 7.1 adjusted at room temperature, 2 mM MgCl 2 , 100 mM NaCl and 0.01% DM) containing the G t protein to 250 nM final concentration. (2) After 300 s, GTPcS was added to 5 lM to a continuously stirred cuvette. In Meta II activation assay, the rhodopsin sample was irradiated with light of k > 495 nm right before its addition to the cuvette. In opsin activation assay, opsin was obtained by hydroxilamine treatment of photoirradiated rhodopsin. A specific behaviour is observed for a DM concentration close to its critical micellar concentration (CMC) value, and this could be related to the increase of the rod retinal disks membrane's fluidity. This phenomenon would facilitate the process of receptor-G t protein physical interaction in the lipid bilayers. At the same time, the decrease activation effect has been related to micelle formation, making the process slower by impairing physical rhodopsin-G t interaction (reducing the probability of physical contact between the two molecules as a result of a smaller number of rhodopsin molecules per micelle) and decreasing the number of G t activated molecules. Perturbation of hydrophobic interactions between acyl groups and the lipid membrane (Mitchell, Niu, & Litman, 2001 ) can also be responsible in part for the observed effect. The possibility that high DM concentrations could affect the native status of rhodopsin and/or G t interacting domains by promoting partial denaturation of these domains cannot be ruled out. Our results are in agreement with a previous study where a similar decrease in G t activity with increasing DM concentration ranging from 0.01% to 0.1% was reported (Han, Groesbeek, Smith, & Sakmar, 1998) . However, in that case no data was presented for low detergent concentrations. In our case we are able to show that the maximal G t activation is detected at or about the CMC value for the DM detergent. But we observe a clear differential effect when comparing the total number of activated molecules and the initial rate for the process. In the first case the total number of molecules seems to be only slightly affected at DM concentrations below 0.01%, but the initial rates are clearly decreased at these detergent concentrations (compare Fig. 4A and B) .
Detergents have to be used to resolve the membrane suprastructure into small units, mixed micelles consisting of detergents, membrane lipids and individual proteins, which are amenable to selective purification. At the same time, this presents a major drawback because transfer of membrane proteins from its membrane environment to a mixed micellar environment nearly always results in a loss of structural stability and of functional properties (Racker, 1979; Silvius, 1992) . The extent of this loss is strongly detergent-dependent, but even very Ômild' detergents like digitonin or DM cannot fully mimic the membrane environment (DeGrip, 1982; DeGrip & Daemen, 1982; K€ o onig et al., 1989) . In any case, most of the studies using recombinant mutant rhodopsins have been carried out in DM. It is, thus, very important to be aware of the effect of the detergent on the stability and function of the protein.
On interpretation of the results obtained with mutant rhodopsin in detergent solution it would be important to consider the vesicular size (micelles), rhodopsin orientation in the micelles, and fluidity of rhodopsin in the mixed micelles. In this regard, DM has been shown to produce only small vesicular structures with diameter < 200 nm as evaluated by electron microscopy (DeGrip et al., 1998) , But this size range can be as small as 4-6 nm determined by dynamic light scattering, in rhodopsin micelles in 10% DM (0.85 mM), these micelles resulting in signals in NMR studies; but in this DM condition, material with strong scattering was present in the solutions and trace amounts of material could not be removed by filtering (Klein-Seetharaman et al., 2002) .
The mixed micelles of rhodopsin can contain rhodopsin in a largely random orientation. This can be deduced from several studies using limited proteolysis (DeGrip, Gillespie, & Rothschild, 1985) . The digestion using immobilized proteinase-K (in order to prevent the enzyme from penetrating into the vesicles) resulted in proteolysis of 45-75% of rhodopsin present in vesicles (DeGrip et al., 1998) . Taking these considerations into account our results cannot be explained by positional changes (orientation) of rhodopsin in the mixed micelles.
The importance of the physico-chemical aspects in protein-protein interactions in the disk membrane is clearly an important factor to be considered. An example of this is a recent study using transgenic mice with deletion of one of the rhodopsin alleles, that has demonstrated that in the rods the rates of both response onset and recovery are set by the diffusional encounter frequency between proteins on the disk membrane (Calvert et al., 2001) .
We have seen that the G t activation process is clearly affected by DM concentration. It was of interest to investigate the effect of DM in the stability of the active Meta II intermediate and on Meta III formation. stability can be observed for the sample at 0.012% DM indicating that higher DM concentrations result in more stable Meta II conformations of rhodopsin (Table 1) . At the same time Meta III formation is increased with decreasing DM concentration ( Fig. 6 and Table 2 ) whereas no significant changes in Meta III formation rate are observed in the DM concentration range studied (data not shown). Meta III has been recently proposed to be a nonactive storage form of rhodopsin (Heck et al., 2003) . We have recently studied rhodopsin mutants at Gly-51 and Gly-89 (site of the Gly-51-Val and Gly-89Asp mutations associated with autosomal dominant retinitis pigmentosa). The Meta II decay of these mutants is normal in a pH 6.0 buffer containing 0.05% DM, but this decay is significantly altered when the sample is in a pH 7.2 buffer containing 0.012% DM (conditions of the G t activation assay). We have interpreted this as increased formation of non-active Meta III species under these conditions. Interestingly, Meta III formation was reported to be favoured at pH higher than 6.0 (Meta III formation at pH 6.0 was very low) (Heck et al., 2003) and in the present study we report that low DM percentage favours Meta III formation which seems to correlate nicely with the results obtained for the rhodopsin mutants previously studied.
In summary, our results indicate that both the stability of active Meta II conformation, and G t activation are clearly affected by the status of the lipid bilayer in the presence of different DM concentrations. In addition, lower DM concentration seem to favor Meta III formation, and this may be also the effect observed for certain retinitis pigmentosa mutants. Fig. 6 ) at the detergent concentrations indicated.
